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The general characteristics of underwater sound produced at the ocean surface have

been known for many years and recent measurements have also described the sound of

rainfall. The mechanisms which produce these sounds have remained a mystery. This

dissertation describes a series of laboratory experiments in which various simple

mechanisms in the 0.5-100 kHz frequency range were examined.

A large part of the work describes the sounds made by the impact of a drop of water

on the water surface. It is found that two types of sound are emitted: first, a sharp spike

radiated when the drop first strikes the surface, and second, a damped sinewave emitted

when a bubble is entrained below the water surface. Previous authors thought that bubbles

were unimportant because the initial impact sound occurs for every drop impact while

bubbles are only entrained occasionally. This dissertation shows that for a certain range of

drop sizes and velocities a bubble will always be entrained; this phenomenon has been

named regular entrainment.

The hydrodynamics of a drop impact are discussed in an attempt to show why

regular entrainment occurs; a qualitative explanation is described but it was found that the

process was too complicated to be explained in terms of simple analysis and that it would

be necessary to use computer modelling.

The sound of rainfall on water is studied in detail; an important feature of the

acoustic spectrum is a peak at about 14 kHz. It is shown that this peak is caused by regular

entrainment and not by initial impacts as one author has suggested. Experimental results



enable us to predict the spectrum levels which rain of a given intensity would produce; the

predictions compare reasonably well with real-rain data.

Other experiments examined the sounds of a breaking wave and of bubbles

interacting with a submerged jet of water. The results are helpful in selecting which of the

many published theories of sea surface noise is the most likely. It is suggested that free

oscillations of bubbles which have just been entrained or broken up cause most of the

sound at frequencies above 500 Hz.
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CHAPTER I: INTRODUCTION

A Historical review

It was known to Leonardo daVinci 1.2 that the sounds made by ships travel for

large distances through the water, but the widespread use of this fact to detect enemy

shipping did not begin until the First World War. During the Second World War, with the

advent of sensitive hydrophones and electronic amplification, it became clear that the ocean

had a distinctive background noise of its own. The first extensive study of this ambient

noise was made during the war, by Knudsen 3 et al., and published in 1948; the paper

contains many interesting details of the sounds produced by ships and marine life. More

importantly for our purposes, it describes the sound produced by the ocean surface due to

the action of the wind and waves, the famous Knudsen spectrum. This spectrum always

has a slope of about -5 dB / octave; the intensity increases with the wind speed. Knudsen

did not have directional hydrophone arrays and he seems to have thought the ambient noise

field to have been isotropic. He did, however, recognize that the sound was intermittent,

describing how it was possible to hear noises from individual whitecaps if the hydrophone

was near the surface. The fact that the sound is largely produced by breaking waves is the

first step to understanding the exact mechanism of its production, but Knudsen did not

speculate further on the matter.

Knudsen's results only cover the frequency range 100 Hz to 25 kHz, but by 1962,

when Wenz 4 published his extensive review paper on ambient noise, a more complete

picture had emerged. Wenz divided the acoustic spectrum into three overlapping regions,

each of which he thought corresponded to a different source mechanism; the regions were:

I) 1 Hz to 100 Hz, 11) 10 Hz to 1 kHz, I) 100 Hz to 20 kHz. These divisions have been

largely corroborated by later studies 5,6.

0I
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Fig. 1. This graph shows the general form of ambient noise spectra at two different wind
speeds: 5 m/s (Force 3); dashed line and 30 m/s (Storm force 11); solid line. These
spectra were drawn with the aid of figures in papers by both Wenz and Kibblewhite. Note
how the 5 m/s spectrum changes character at about 500 Hz, the Knudsen spectrum
peaking out and being replaced at lower frequencies with shipping noise. Only at very
high wind speeds does some sort of sea noise swamp out the shipping in region II. The
figure also shows the spectrum of rainfall in calm conditions (dot-dash line). The dB
reference level is 1 gPa2/ Hz .

Measurements from region I were scanty in Wenz's day and even nowadays tend to

be conflicting and confusing. Wenz describes the spectrum as having a slope of -8 to -10

dB / octave and suggests that the main cause is local pressure fluctuations caused by

turbulence and that the spectrum is therefore not really acoustic in nature. Additional

sources which he thought to be significant were earthquakes and waves. The first order

pressure variation under a wave due to its height is sharply attenuated with depth and is

therefore only significant at very low frequencies in very shallow water. If, however, there

are two waves travelling in opposite directions which interact, they produce a second order

pressure variation which is not attenuated with depth 7. Subsequent work 8 suggests that
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this mechanism is in fact more important than turbulence effects, especially for frequencies

below 5 Hz, and may also be the cause of the seismic background noise known as

microseisms. It is perhaps worth mentioning that Marsh 9 (writing at the same time as

Wenz) explained the entire Knudsen spectrum in terms of this wave-wave interaction

mechanism, but his conclusion is at variance with all subsequent writing on the subject and

must be regarded as suspect. In fact, Kerman 10 has asserted that Marsh's analysis is only

valid for frequencies below 10 Hz. It is also not in agreement with the experimental

observation that the sound is associated with breaking waves.

Region II is a transition region between regions I and III but in many parts of the

ocean it is dominated by the sounds of distant shipping. These sounds may travel very

large distances along an acoustic waveguide formed by the change with depth of the speed

of sound in the ocean. Directionality measurements 11.12 show that noise in this frequency

range tends to arrive at the hydrophone in a horizontal direction, especially in calm weather,

although there is a wind-dependent component which arrives vertically, due to the overlap

with region II.

Region III is the Knudsen region: Wenz's survey confirms the general form of

Knudsen's results but adds the fact that they are applicable to shallow seas and that the

levels in the deep oceans are 5 dB lower on average. This effect seems to be largely due to

the greater reverberation which occurs in shallow water. Wenz also showed that there is a

peak at about 500 Hz in this part of the spectrum and that at lower frequencies the

mechanism responsible for the Knudsen spectrum is masked by shipping noises; below

100 Hz it is not significant at all. Later work with directional arrays 11-13 has shown that

the sound not only comes from the surface, but from sporadic, localized events at the

surface, much as Knudsen had suspected. These events are presumably breaking waves,
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which, like the sound spectrum, are known to be highly dependent on wind speed and sea

state but the actual mechanism by which a breaking wave generates sound remains unclear.

Wenz suggests several possibilities: free oscillations of air bubbles, cavitation, i.e. the

violent collapse of a vapor-filled bubble and the impact of water droplets and spray.

Subsequent work has discussed these mechanisms in great detail but there has been no

agreement about which is the most important. Ffowcs Williams and Guo 14,15 have

proposed the idea that momentum fluctuations associated with splashing water sprays are

the dominant mechanism, and that bubbles near the surface cannot radiate because

reflections from the surface cancel out the wave. This argument is not entirely valid, as I

shall demonstrate and indeed Ffowcs Williams has included bubbles as a significant source

in a more recent paper 16. Prosperetti and Kerman are in favour of bubble related theories

as are Shang and Anderson, who suggest both cavitation and the sound of bubbles bursting

at the surface as possibilities. Prosperetti and Lu 17, however, have pointed out that the

necessary conditions for cavitation, i.e. for the violent collapse of a vapor-filled cavity, are

never satisfied in the ocean. They also argue against the bursting bubble theory,

Prosperetti 18 preferring one involving the free oscillations of bubbles, excited by

formation, coalescence, fission and so on; this is similar to the theory of Hollet and

Heitmeyer 19.

In order to make further progress in understanding the Knudsen spectrum it is

necessary to study some of the above processes in the laboratory. The first attempts to do

this kind of experiment were made by Franz 20, who studied the sounds produced by a

drop of water striking a water surface. He discovered that a drop impact may produce two

sorts of sound: a sharp pulse when the drop touches the surface and a decaying sinewave

when a bubble is formed. The sharp pulse occurs with every drop but bubbles are only
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entrained occasionally so Franz was unsure of their importance. He attempted to model the

noise made by rain falling onto the ocean by studying the sound produced by a shower of

drops falling onto the surface of a large tank. Franz concluded that rain should produce a

spectrum rather similar to the Knudsen curves at high frequencies, with a broad peak at 2-3

kHz, and that the sound made by the drops striking the water was more important than the

sounds emitted by any bubbles which chanced to be entrained. Unfortunately, he had no

good field measurements with which to make a comparison. The first suitable

measurements were made by Bom 21 in a small lake in Italy; the agreement with Franz's

predictions was not very good. Born's measurements were only made for frequencies

below 10 k.Hz, which was rather unfortunate (for him) because it meant that he missed the

most remarkable and persistent feature of rain noise, namely a peak at a frequency of about

14 kHz with a steep slope on the low frequency side and a less steep one of -9 dB / octave

on the high frequency side. This peak was not discovered until 1985, when two

independent groups 22, 23 reported the effect; it has been observed several times since

then 24, 25. The peak must be caused by one or other of Franz's two mechanisms; a

theoretical investigation by Nystuen 23, 26 suggests that the initial impact is the source and

that bubbles may be ignored because they are not produced by every drop.

The idea of this project was to carry out a series of simple laboratory experiments in

order to gain a better understanding of how the ocean surface produces sound, particularly

in the Knudsen region of the spectrum. Because of the relative simplicity of the process,

the first experiments studied the sound produced by a drop of water impacting the water

surface. These experiments confirm Franz's work but also show some interesting new

effects, which have permitted the explanation in terms of bubble sounds of the peak in the

rain noise spectrum. This work makes up a large part of this dissertation, but it does not
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help much in understanding the Knudsen curves, so various other experiments were carried

out to study the sound produced by breaking waves, bursting bubbles and bubbles

interacting with turbulence. The results were not as clear-cut as those from the single-drop

work, but they should nevertheless be useful in future studies of ambient ocean sound.

First, since they are obviously of some importance, a brief review of some bubble

dynamics and acoustics is included.

B. Review of necessary bubble dynamics and acoustics.

We shall begin by considering bubble oscillations which are small and radial, i.e.

the bubble remains spherical but its volume varies slightly. We give the bubble a radius a,

an equilibrium radius ao and let the wall displacement, a - ao, be x. Since the

displacement is small we can regard the bubble as a damped harmonic oscillator with the

following equation of motion:
2

x+20x+Oox=O (1)

where wo is the natural angular frequency in the absence of damping, 1 is a damping

parameter and the dots denote differentiation with respect to time. This means that x

oscillates sinuosoidally with an exponentially decaying amplitude thus:

x = xi e "At cos (cat+O), (2)

where co is the angular frequency and 0 is an arbitrary phase constant. The subscript i will

be used throughout to mean an initial value. The wall velocity, U, is given by

U = -U i e "ot sin (ox+), (3)

with Ui = ix. We will follow standard practice and define a damping constant

6 = 2P / COo and a quality factor Q = I / 6. For frequencies relevant to this study,
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bubbles have Q values greater than 6, which means that we may ignore the small difference

between (o and Oo.

The first attempt to calculate the resonance frequency as a function of the bubble

radius was made by Minnaert 27 in 1933. He calculated the maximum kinetic energy of the

water outside the bubble and set it equal to the maximum potential energy of the

compressed gas inside, on the basis that in any simple harmonic oscillator the energy

moves from being all potential to being all kinetic and then back again. The end result is

the famous Minnaert formula:
1

143KPO

=aok P 1 ,(4 )

in which Po is the pressure inside the bubble, p is the density of water and ic is the

polytropic exponent of the gas in the bubble. Unless the bubble is very small, we can

assume for practical purposes that Po is close to the atmospheric pressure PA. Minnaert

assumed that the gas was compressed and expanded adiabatically so that ic = y, the ratio

of the specific heats.

Minnaert made no attempt to study the damping of a bubble, but subsequent authors

have identified three different damping mechanisms, which were first combined and

compared with experimental results by Devin 28; his results have since been confirmed by

other theoretical studies 29-31. The first mechanism results from the fact that the gas inside

the bubble does not behave quite adiabatically, in fact the thin layer of gas which is close to

the bubble wall behaves almost isothermally. The time taken for heat to diffuse from this

layer into the rest of the bubble introduces a phase difference between the pressure in the
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bubble and its volume and hence a certain amount of hysteresis. The end result is that

mechanical energy is converted to thermal energy and diffuses away into the water.

An oscillating bubble is an acoustic source and therefore some of its energy is lost

in the form of sound waves; this mechanism is most important if the bubble is large. If it is

very small some additional damping may be caused by viscous losses. If we call the

thermal damping constant Sth, the acoustic Sac and the viscous 8 vs, then the total damping

constant 8 is given by 8 = Sac + 8th + 8vs. Figure 2 shows how the various damping

constants vary with resonance frequency.

0U ............ thermal

.01 total

103 1034 10 106

Frequency / Hz
Fig. 2. This graph shows the total damping constant 8 (solid line) and its three
components Sac (dots), 8th (dot-dash) and 8vs (dashes).

So far, we have assumed that the bubble is in an infinite volume of water, but for

ambient noise applications we often need to consider a bubble which is very close to the

surface. Strasberg 32 has calculated the effect that this has on the resonance frequency, in

general this is not large: if a bubble has its ceilter four radii below the surface, the

frequency will be raised by 7%. The surface has a greater effect on the damping constant
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because it effectively changes the bubble from a monopole source to a dipole. This greatly

reduces the energy which is lost as sound and hence reduces the acoustic damping

essentially to zero at low frequencies. Crowther 33 has shown that Sac is in fact reduced to

a dipole damping constant, dip, given by:

8 dip a-,((5)

provided that 1 is much smaller than the wavelength X. In this expression 1 is the depth of

the bubble center below the surface, f is its frequency of oscillation and c is the speed of

sound.

We now consider the sound field radiated by a freely oscillating bubble. If the

bubble is in a large volume of water the far-field acoustic pressure, p, at a distance r from

the bubble, is given by
ipcU i e1(t'r/c2 e

r , (6)

where c is the speed of sound and k is the wavenumber, k = 21c / X. The imaginary

number i = f- simply means that there is a phase shift of 900 between U and p. This is a

standard result for a simple spherical source, as described in many acoustics texts 34. It

assumes that kao < 1; for bubbles oscillating at their resonance frequencies kao - 0.014 so

the condition is always satisfied.

Since our bubbles will usually be close to the surface, we must include the effect of

this on the sound field. The free surface is a pressure release boundary so the acoustic

pressure at the surface is always zero. If the bubble is very close to the surface, so that

kl I" 1, we can calculate the sound field of a bubble near a free surface by introducing an

image source of equal strength and 1800 out of phase as shown in Fig. 3.
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Image source

AIR

WATER I

Bubble

Fig. 3. Sketch showing how a near-surface bubble behaves as a dipole source.

The effect of the image source is to cancel out the sound 5'om the actual bubble to a

certain extent. Along the water surface the sounds from the two sources are 180" out of

phase, so the total sound field is zero; elsewhere, however, the phase difference is not quite

180" so the sounds do not quite cancel. The largest phase difference occurs in the vertical

direction and is equal to 2kl, so it is not surprising that the radiation field for this dipole is

obtained (apart from its phase) by multiplying Eq. (6) by 2klcus0, where 0 is the polar

angle. The result is that

2pcUi-1(t-r/C 2 a
p(r,O,t) = 2pui r a cos 8 er (7)

or equivalently
p = D e-04(-r/Ccos 0 e i( ot ka )

r (8)

where the initial dipole strength D is given by D = 2pcUik2ao2l. Note that this is a far-field

result; it assumes kr > 1. This pressure is smaller than that of a bubble in a large volume of

water, as described in Eq. (6), but it is not zero and we shall find that it is not negligible as

Ffowcs Williams and Guo 14,15 have implied. Note that to calculate D, we need a value for
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Ui, the initial wall velocity of the newly formed bubble. This velocity could be provided

by a variety of mechanisms such as the extra internal pressure due to surface tension, the

hydrostatic pressure due to the bubble's depth below the surface or possibly distortions of

the bubble's shape.

Now that the expected behavior of a bubble has been discussed, the experimental

methods used will be described.



CHAPTER II: EXPERIMENTAL METHODS

As stated in the introduction, the aim of this project was to make a latboratory study

of processes at the sea surface which might cause ambient noise. The studies were made in

a large wooden tank Im x Im x Im in size, or, when photographs were being taken, in a

10 gallon aquarium. The large tank had a time of flight for sound to reach the bottom and

return to the surface of about 1.2 ms, which meant that sound pulses shorter than this could

be studied without interference from reverberations. The tank had a lowest resonance

frequency of approximately 1.5 kHz and many resonances at higher frequencies. Below

10 kHz these could be seen in most of the frequency spectrums which were made, but

above 10 kHz they blurred together into a continuum, allowing reasonably good

measurements of spectral shape, though not absolute spectrum level.

The process which was examined in the greatest detail was the impact of a water

drop on the water surface. Drops with diameters greater than 2.2 mm were produced by

allowing water to drip from hypodermic needles of various sizes; thc water was fed to the

needle from a small reservoir via a tap. Drop sizes were measured either by counting drops

into a measuring cylinder or by catching individual drops and drawing them into a

microliter syringe; in each case the measured volume was used to calculate the diameter of a

sphere with that volume. It was possible to produce drops with a repeatability of about

0.1 mm. Drops with diameters smaller than 2.2 mm are rather aifficult to produce one at a

time; two alternative methods were used to circumvent this problem. Firstly, single drops

were produced by drawing the relevant volume of water into a microliter syringe, e,-pelling

it to form a drp on the end of the syringe and persuading it to fall by tapping t.e

apparatus. This is slow and laborious and usually gives the drop some horizontal velocity.

As an alternative, a spray of small drops was produced by pumping water through a

12
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hypodermic needle so that it formed a stream which broke up into droplets. The size range

of these droplets was monitored by catching samples on a glass plate and measuring their

volumes with the microliter syringe. In earlier experiments, a spray which covered a larger

area of the tank was also used; this was produced by pumping water into a 1/2" diameter

pipe which had a line of small holes drilled in the side and will be referred to as spray #1;

the spray produced by the needle will be referred to as spray #2.

The impact velocity, vi, of the drops was controlled by varying the height of fall, z,

and was calculated from the equation 35

VT !,(9)

where g is the acceleration due to gravity. The terminal velocity vT was calculated from the

drop diameter by a polynomial fit to a set of experimental data. (See appendix A for

details).

Various other mechanisms were studied, the most important being a breaking wave

and bubbles interacting with turbulence. The wave was a standing wave, made by

allowing water to flow along a narrow plexiglass channel with an obstruction halfway

along it. A turbulent region was made by pumping water into a tank through a narrow pipe

to form an underwater jet, into which bubbles were introduced by pumping air through a

hypodermic needle.

In all studies the sound was detected with a miniature hydrophone (B&K 8103) and

amplified by a conditioning charge amplifier (B&K 2635). From there, the signal was

usually passed to a digital oscilloscope (LeCroy 9400) which was capable of capturing

transient signals, doing FFTs and averaging them to give a power spectrum and

performing various other signal processing tasks. The oscilloscope was interfaced via a
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GPIB bus to a computer (DEC MINC-73) which did additional signal processing. Many

of the signals studied were damped sinusoids emitted by oscillating bubbles and the

computer was used to make repetitive measurements of the frequencies and damping

constants of these signals. The computer also enabled power spectra generated by the

oscilloscope to be plotted on a logarithmic frequency axis.

The sound-producing processes were also studied by high-speed movie

photography. The camera used was a Photec IV and was usually run at a speed of 1000 or

2000 frames per second. The water was photographed against a brightly lit background

and the view was usually horizontal through the glass wall of the tank. In addition to

photographing the water an oscilloscope trace was also recorded on the film, providing a

simultaneous record of the behavior of the water and the sound which it was producing.

Figure 4 shows a sketch of the experimental apparatus.
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Photec IV
High Speed Camera Reservoir

Oscilloscope Reel Rotating

Prism
Lens WaterLen Fim r lank

I0
Hydrophone

Fig. 4. This schematic shows how the high speed camera was used to make a
simultaneous record of the movement of the water and the sound produced. The camera is
a rotating prism type, which means that the film moves continuously from reel to reel;
the rotating prism makes the image of the water move along with the film. The

,* oscilloscope is set in the x-y mode and the signal is fed to the x input so that it deflects
the beam perpendicular to the plane of the schematic. This means that the image of the
"spot" moves sideways across the film while the film moves continuously past it.

The film used was either Kodak RAR 2498 monochrome reversal or Kodak

ektachrome video news color reversal. The RAR 2498 seemed to give slightly smaller

grain but had a slower film speed. We had to switch to the color film because the

developing lab ceased developing of black and white reversal. The developed films were

studied with a stop-motion projector (L-W 224-S-MK VIII); measurements of drop and

bubble sizes, positions, velocities and so on were made by projecting the image onto graph

paper. In most films an object of known size was placed in the field of view to provide a

scale.



CHAPTER HI: RESULTS-SINGLE DROP IMPACTS

A. General observations

Figure 5 shows examples of the acoustic pressure traces produced by the impact of

5.6 mm diameter drops impacting with velocities of 5.2 m/s.

Initial impact spike

40 Pa

Bubbles/1

0 0.1 0.2 0.3
Time/ s

Fig. 5. Three pressure traces caused by drops of 5.6 mm diameter impacting at a speed of
5.2 m/s. The hydrophone is 40 mm below the impact site. The bubble sounds would be
damped sinusoids if shown on an expanded timescale. These traces look a little noisy
because they are genuine data, taken directly from the digital oscilloscope, without any
smoothing.

16
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The results are similar to those of Franz in that there is always a sharp spike

followed by a low-frequency oscillation and there are also damped sinusoids produced by

bubbles which seem to occur more or less randomly. These results are typical for large

drops and high impact velocities 20, 36, 37

For small enough drops, a slightly different process occurs as shown in Fig. 6.

I I I I I I I I I I I I I I
60

-20

-40
Si i I i 1 1 1 I I I I I I I I I

0 10 20 30 40 50

Time l ms
Fig. 6. Pressure trace caused by the impact of a 3.4 mm diameter drop at a velocity of
1.7 m/s. The hydrophone was 25 mm below the point of impact. In this case the bubble
entrainment is repeatable, unlike that in Fig. 5.

As before, we see the initial impact sound followed by a bubble oscillation but now

the bubble occurs predictably, at the same time after the impact, with about the same

frequency, for every drop. This process has not been observed before; I have named it

regular entrainment 36, 37 and will use the term irregular entrainment to describe the

unpredictable bubble formation discovered by Franz and shown in Fig. 5.

Figure 7 shows a sequence of frames from a high speed movie film of the irregular

entrainment process. The initial impact sound begins at the top of frame c and is the reason
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why the trace is displaced to the right in frame d. In frame f a very small drop is seen

falling towards the crater, this drop detached from the dropper at the same time as the main

drop. The impact of this little drop causes a small cavity to appear at the bottom of the main

crater (frame g), this closes to form a bubble (frame h); note the sound produced by this

bubble. Next, a column of water is thrown up and collapses to entrain another bubble

some time between frames 1 and m. By this time the top of the column has detached to

form another drop, the impact of this drop could entrain yet another bubble.

Fig. 7. (over page). This is a sequence of frames from a high speed movie of the irregular
entrainment process as caused by a drop of 5.8 mm in diameter impacting at a speed of
2.4 m/s. The original movie was taken at a speed of 4000 frames per second but these
frames originate from the beginning of the film where it was still accelerating. The
frames are in the correct order, of course, but are not necessarily sequential, e.g. there
were many frames on the original film between frames h and i, which are not shown in
the figure. Tunes in milliseconds after the initial impact for each frame are as follows:
(a): -9 ms, (b): -0.5 ms, (c): 0 ms, (d): 4 ms, (e): 14 ms, (f): 30 ms, (g): 46 ms, (h): 49
ms, (i): 90 ms, (): 127 ms, (k): 148 ms, (1): 159 ms, (m): 159.3 ms, (n): 177 ms. Note
that I and m are consecutive frames; the film had accelerated to about 3000 frames / sec at
this point. The bubble in frame h had a measured diameter of 1.2±0.2 mm and a
frequency of 5.4±0.3 kHz; Minnaert's equation gives a frequency of 5.5±1 kHz for this
bubble size. For the bubble in frame m the values are similar.
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Fig. 8. (over page) Frames from a high speed movie showing regular entrainment as
caused by a drop of 3.2 mm diameter impacting at 1.5 m/s. As in Fig. 7, the frames are
in order but are not necessarily consecutive. The black object at the lower edge of the
picture is the hydrophone. The camera was running at 950 frames / sec so one frame is
slightly greater than 1 ms. Times in milliseconds (correct to 0.5 ms) after the initial
impact for each frame are as follows: (a): -3 ms, (b): 0 ms, (c): 1 ins, (d): 2 ins, (e): 4
ms, (f): 6.5 ms, (g): 9.5 ms, (h): 13.5 ms, (i): 16 ms, (j): 18 ms, (k): 19 ins, (1): 20 ins,
(m): 21 ms, (n): 22 ms, (o): 26 ms. The entrained bubble had a measured diameter of
0.89±0.08 mnm and a frequency of 6.5±0.2 kHz; Minnaert's equation gives a frequency of
7.4±.6 kHz for this bubble size.
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Regular entrainment is shown in Fig. 8, the initial impact sound in frame b is lost in

the noise of the movie camera but the bubble sound in frames 1-n is clearly seen. Note that

the process is repeatable partly because it does not rely on precise timing of impacts of

secondary drops as irregular entrainment seems to. Before studying the bubble processes

further we shall describe the initial impact sound in more detail.

B. The initial impact sound

The form of the initial impact sound is shown in detail in Fig. 9. It consists of a

low frequency oscillation of about one cycle, with a very steep rise at the beginning.

- 1 "

20 Pa

* .

I-

0 0.01 0.02 0.03 0.04 0.05
Time s

Fig. 9. Initial impact sound of drops of 5.6 mm diameter impacting at a speed of 5.2
m/s. The hydrophone is 40 mm below the impact site.

If we look at the front edge of the pulse on an expanded timescale, as in Fig. 10,

we can see that the rise time is very short indeed, in fact it seems to be limited by the
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response of the hydrophone, which rolls off quite sharply above 150 kHz. We shall

examine the initial "spike" and the rest of the pulse separately.

1 1 1 T I I I I I I I I I I I I

PH
20 Pa P

0 0.5 1.0 1.5 2.0
Tme / ms

Fig. 10. Like Fig. 9 above but on a smaller timescale to show how sharp the initial
impact is. The spike is so narrow that it cannot be seen in Fig. 9. The symbol PI has
been used to denote the maximum pressure of the initial spike, PH is the maximum
pressure which occurs in the rest of the pulse.

For energy to be radiated to large distances, the pressure field must vary as 1 /r,

where r is the distance from the source. Figure 11 shows how the magnitude of these two

components varies with distance from the source; note that the 'spike' is true radiated

sound, because PI is inversely proportional to r. The rest of the pulse is a near-field

hydrodynamic effect, because PH falls off more rapidly with distance.
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100

10

0 P, /Pa
0 PH/ Pa

10 100 1000
Distance below splash / mm

Fig. 11. This graph shows how the hydrodynamic pressure PH and the impact spike
pressure P1 vary with the distance, r, from the impact. P1 varies as I / r and is therefore
radiated sound, PH varies as I / r1"8 and is therefore a near-field effect. Note that in order
to measure PI it was necessary to use a timebase setting on the oscilloscope which
expanded the trace much more than in Fig. 10. The oscilloscope has a maximum
sampling rate of 100 MHz so this is not a limiting factor or a source of error.
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At larger distances the whole pulse is as shown in Fig. 12, the spike is now

dominant and the near-field part has dropped almost to nothing.

I I I i I I I I i I I i I I I

2a

0 0.5 1.0 1.5 2.0

Tme / ms
Fig. 12. This is like Fig. 10. above except that the hydrophone has been moved to a
larger distance: 0.22 m from the splash. Note how the hydrostatic pressure PH is now
smaller with respect to the impact spike pressure P1.

The spike is obviously the part we need to study further for ambient noise

purposes. Figure 13 shows how the peak pressure PI varies with impact velocity vI; it

seems to be proportional to v1
2 -7 . This result is at variance with the "water hammer" theory

of Nystuen 23, 26, which suggests that P1 should be proportional to v1.
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1000

0 diam.=3.8mm
S100 0 diam.=2.52mm

10

1 Drop impact velocity / (m/s) 10

Fig. 13. Shows how the impact spike pressure PI varies with drop impact velocity. The
power law is 2.7 for d = 3.8 mm and 2.8 for d = 2.52 mm.

Figure 14 shows that the pressure is also proporional to the 1.63 power of the drop

diameter and hence to a power of about 0.54 of its volume.

100.

10.
o Flow: v--4 m/s
* Impact v-4 m/s
, Flow: v=2.5 m/s

I Tmpact: v=2.5 m/s

Drop diameter/mm 10

Fig. 14. She- is how the impact spike pressure, P and the aydrodynamic pressure PH vary
with drop diameter for two different impat velocities. Th, power laws are: PI: 1.6 for
both velocities, PH: 1.7 for v = 4 m/s and 1.8 for v = 2.5 m/s with errors of about 0.1
m/s. The hydrophone was at a depth of 70 mm vertically below the splash.
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As was mentioned previously, (Fig. 10), the spike is extremely narrow, it seems to

be less than 10 pts wide; the response of the hydrophone prevents a more accurate

measurement. The narrowness suggests that the power spectrum of the spike should be

rather flat at frequencies below 100 kHz.

C. Bubble sounds

1. Frequency

As Fig. 15 shows, the sound of an oscillating bubble is an exponentially damped

sinewave, i.e. the acoustic pressure is given by:

p = pi e'Pt cos(ot+-), (10)

where pi is the initial pressure amplitude.

I I I I I I I I I. I I I I I I

0 0.5 1.0 1.5 2.0
Time / ms

Fig. 15. Sound of a regularly entrained bubble. This one has a frequency of 11.5 kHz
and a Q factor of 15. It was entrained by a drop of 3.4 mm diameter impacting at a
velocity of 1.7 m/s as in Fig. 6.
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We can measure co, 0 and pi and compare them with the theory of chapter I.

Minnaert's 27 formula (Eq. 4) shows that (o is inversely proportional to the bubble radius

or diameter. In Fig. 16, the inverse frequency 1 / f = 27t / CO is plotted against bubble

diameter, the agreement with theory is quite good when the error bars are taken into

account. This data was all taken from high speed movie films; the main sources of error

are blurring of images and the fact that many of the larger bubbles were non-spherical,

making it difficult to estimate an effective diameter. The effect of the free surface has not

been taken into account because Strasberg's theory suggests that it is usually much smaller

than the experimental errors.

0.8-

0.6

S0.4

0.2-

0.0

0.0 1.0 2.0 3.0 4.0
Bubble diameter / mm

Fig. 16. Experimental confirmation of Minnaert's equation. The lines are the theoretical
results for isothermal (dashed) and adiabatic (solid) oscillations. Bubbles in this size
range should be nearly adiabatic. The experimental points represent bubbles entrained by
various mechanisms: drop impacts (filled circles), breaking wave (triangles) and air forced
through a hypodermic needle (open circles)
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2. Danpiiig

The damping was obtained by the following procedure. It is easiest to measure the

amplitude, pi e- Ot at the maxima and minima, when cos (21rft+0) = ±1, that is, when

2xft+o = 2nr, the number of cycles, n, being an integer or half-integer. We therefore

measure t from a maximum of p, so that 0 = 0 and plot the pressure Pn at each half cycle,

where t = n/f. Substituting for t in Eq. (16) gives:
-no

p,= pie f 0II)

We plot lin Pn against n to obtain a straight line of slope -3/f = 27rp/co = 7C/Q. The

intercept of the straight line with the in PN axis at t =0 is the initial amplitude, pi. Figure 17

shows a typical example.

4.51

4.0 0

- 3.5
i-

S3.0 I0
0

2.5
0 2 4 6 8

Time, n, in number of cycles
Fig. 17. Graph used to find the damping of Fig. 15. The natural log of the amplitude at
t.ach half-cycle is plotted against time in units of cycles to give a straight line of slope
-/f= -24/0o = -r /Q. In this case, the slope is -0.209, giving a Q of about 15.
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Initial plots of Q against f showed a large scatter, so the data taking process was

automated, the computer carrying out the process outlined above and averaging the results

over each of several frequency bands. The results are shown in Fig. 18 along with several

theoretical curves.

35

30
"..

S25 0

~20

15

10 0

5,
1.10 100

Frequency / kHz

Fig. 18. Q factor as a function of frequency. The open circles are from bubbles entrained
by spray #2, the filled circles represent bubbles regularly entrained by larger, slower
drops. Note that there is a large range of bubble sizes in both cases, but in general the
larger drops produce larger bubbles. The dotted line is Prosperetti's theory, while the
dashed line is the same theory with the acoustic damping 8ac reduced to zero. The dot-
dash line includes all three damping mechanisms, but with Sac reduced by Eq. (5) with
I = 5 mm. Finally, the solid line is a best-fit to the data from spray #2; it seems to
agree best with the dot-dash line. This best fit is used for calculations in a subsequent
chapter. The random errors in the data are fairly small, approximately ±1, and the various
peaks are quite reproducible so they must be either systematic errors or a real physical
effect.

As the figure shows, spray-entrained bubbles seem to obey Prosperetti's 31 theory quite

well provided that the acoustic damping is modified by Eq. (5). The bubbles from single

drops are rather more damped. The results for both frequency and damping agree with

those of Leighton and Walton 39.
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3. Radiation Pattern

Having dealt with the frequency (o and the damping 3, we now look at the initial

pressure pi. We expect from Eq. (8) that pi = (D cosO)/r, i.e. that the acoustic pressure

due to a bubble near the surface will vary inversely with distance and as the cosine of the

polar angle. Figures 19 and 20 show that this is the case.
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1000-

S100
0 vertical

u 45 degrees
. horizontal

o 10

1"

10 100 1000
Distance from bubble /mm

Fig. 19. This is a graph of the acoustic pressure from a bubble in three directions: vertically,
horizontally, and at 45 degrees. It shows that p is inversely proportional to distance except
in a horizontal direction. The bubbles used were produced by regular entrainment and had resonance
frequencies of about 7-8 kHz.

10 5 0 5 10 900

900

60 60

30

Fig. 20. Radiation pattern of a near-surface bubble. This polar plot shows how acoustic
pressure (plotted in units of Pascals in the radial direction) varies with angle at two
different distances. Bubble were similar to those used in Fig. 19.

4. Dipole source strength

We now have only the initial dipole strength D to examine. Experimentally, we

measure D by measuring Pi and knowing e and r, but first we will try to predict it
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theoretically. Figure 21 shows a bubble before and after it is entrained (rather like frames I

and m in Fig. 8).

PAA

WATER

ai a.

Fig. 21. Sketch showing bubble before and after entrainment.

The pressure inside the bubble after it is entrained is increased for two reasons: the Laplace

pressure due to the surface tension and the hydrostatic pressure due to the bubble's depth

below the surface. The Laplace pressure is given by PL = 2a / ao, where a is the surface

tension, while the hydrostatic- pressure is given by PH = pgl. The interior pressure is

therefore given by:

Po = PA + PL + PH= PA + 2a/ao + pgl. (12)

We assume that the gas is compressed adiabatically so that:

pAVA p 0V, (13)

and, assuming a spherical shape,

PAai'= poao (14)

We substitute in for Po from Eq. (12) to give:
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PAai (PA + 2a/aO + pgl) ao (15)

and hence

ai= ao  1 ++ g +
Paao PA) (16)

We expand the bracket using the first term of the binomial expansion to give:

ai= ao( + +2a + g (
37p Aa. 37yP A],(7

and therefore:

2a pgl aoa i - a - +

3YPA 37PA (18)

We have now obtained the initial amplitude of oscillation xi = ai - ao. To find how much

sound this will produce we go to equations (7) and (8) which tell us that the initial dipole

strength D is given by :
D~ ~ 2ci2 3 2

D= 2pcU k d= 2px io aod/c (19)

We would like to know D as a function of frequency so we use Minnaert's formula

(Eq. (4)) to substitute for ao and Eq. (18 ) for xi. This gives us:

2

pgl(3w0

D =- --- +
c 3 3YA P (20)

which, if we make the small amplitude approximation that PA - PO, simplifies to

D3 g2( 3 81rfiaD: =zgl Y3'PAP )!+
c c (21)

We set PA = 101300 Pa, g = 9.81 m/s 2, p = 1000 kg/m 3 , a = 72 mN/m and

c = 1480 m/s; this leaves us to guess 1. We shall try 10 mm on the basis that this is

0
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approximately the bubble depth in Fig. 8; we might expect a smaller 1 for bubbles entrained

by smaller drops. The numerical result is then:

D = 0.0273 + 1.22 x 10-5 f. (22)

The first (hydrostatic) term is small for frequencies above 10 kHz, so we ignore it and plot

the second term for comparison with experimental data. The result is shown in Fig. 22.

* 1.2 ______o____

1.2

0 0

0.8 0

-0.6 0 D (experimental)
, - - - theoretical (1=5mm)

- 0 4. - th e o re tica l (1= 1 0 m m )

~0.2- P

0.0 ,,

0 20 40 60 80 100
Frequency / kHz

Fig. 22. Initial dipole strength D of drop-entrained bubbles as a function of frequency.
Theoretical curves are shown for 1 = 10 mm (Eq. 22) and also for I = 5 mm. The error
bars show experimental random error, there is also some systematic error introduced by
the hydrophone response. This was not corrected for and has probably made the measured
values of D smaller than they really were.

The experimental results are of the right order of magnitude so we can conclude that

the Laplace pressure provides a large part of the energy which the bubble radiates as sound.

They are, however, rather high and are not a straight line as predicted; there are several

possible reasons for this. One is that the sound reflected from the surface not only

interferes with the directly radiated wave to give a dipole field, but is also scattered by the

bubble itself. It has been shown 33 that this assumption leads to higher amplitudes for the

sound field than does the simpe dipole assumtion we have used so far.
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Another possible reason for the failure of the theory described above is that some

other mechanism is exciting the bubble; surface waves might be one such mechanism. So

far, we have assumed that the bubble remains a sphere but inspection of high speed films

shows that this is far from being the case. Strasberg 40 has shown that surface waves

themselves do not radiate significant amounts of sound but recent work by Longuet-

Higgins 41 suggests that surface waves of large amplitude will couple to the volume mode

and hence cause it to radiate. This effect is largest at certain frequencies where a surface

wave mode has twice the frequency of the volume mode. The frequency of the volume

mode, wo, is given by Minnaert's equation, while the frequency Qj of the jth surface mode

is given by:
2 aQ~j 1 j-) Uj+X1)U+2) - - '-

Pao (23)

We set 2Qj equal to o to give a sequence of frequencies coj at which we expect the surface

modes to interact most with the volume mode. These frequencies are listed in tabre (1).

TABLE 1: Bubble radii and resonance frequencies at which 2j =coo.

j ao/mm f/kHz j ao/mm f /kHz

2 0.0074 472 9 0.627 5.20

3 0.0274 121 10 0.847 3.85

4 0.0631 57.1 11 1.11 2.93

5 0.119 27.6 12 1.43 2.28

6 0.199 16.5 13 1.80 1.81

7 0.307 10.6 14 2.23 1.46

8 0.450 7.28 15 2.72 1.20
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In Fig. 23, these frequencies are marked on a graph of Q factor as a function of

frequency; they seem to coincide with the various peaks which we noted but did not explain

in Fig. 18. It is not clear why surface waves should affect the damping constant in this

way; a plausible argument is that near the frequencies O.n the damping seems to be less

because as energy leaves the volume mode via the three usual damping mechanisms,

energy is also being pumped into the volume mode from a surface mode.

35

30 "
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Fig. 23. This shows Q as a function of frequency like Fig. 19, but also shows the
Longuet Higgins frequencies, which seem to coincide with various peaks in the
experimental data, especially for j = 4 and j = 8.
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The results presented in this chapter may be summarized by the following points:

1) There are two ways that a drop impact can produce sound: the impact of the drop

itself and the entrainment of a bubble.

2) The initial impact pulse consists of two parts: a near-field hydrodynamic pressure

which is not radiated (and therefore not important for ambient noise purposes) and a sharp

initial spike.

3) Bubbles may be entrained by two mechanisms: the unpredictable process

described by Franz, which I have dubbed irregular entrainment and a repeatable process

which I have named regular entrainment. Which, if any of these processes occurs depends

on the drop diameter and impact velocity.

Before applying these findings to make predictions, we will digress a little to

discuss the hydrodynamics of a drop impact in order to understand how the regular

entrainment process works.



CHAPTER IV: HYDRODYNAMICS OF A DROP IMPACT

A. Regular entrainment: when it occurs.

It was mentioned in the previous chapter that within a certain range of drop sizes

and impact velocities, a drop impact would always entrain a bubble. In this chapter we

present results which show when this happens and try to discuss why.

5

4

0~
0 1 2 3 4 5

Drop diameter / mm

Fig. 24. This graph shows when regular entrainment occurs; see text for details.

Figure 24 is a plot of drop diameter against impact velocity; any drop impact can be

represented by a point in this plane. Those impacts which entrain a bubble every time are

represented by the shaded area in the center of the plot. The area above this represents

impacts in which the drop travels too fast to entrain a bubble, the area below represents

impacts where the drop travels too slowly. Most of the data points were taken by

39
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producing drops of various sizes one at a time and finding the heights of fall for which they

started and stopped producing bubbles. The two exceptions are the leftmost two of the

open circles, which were inferred from high speed movies; they are less accurate than the

other data. The striped area in the upper right-hand comer shows approximately where

irregular entrainment as described by Franz 20 occurs; all but two of the data points used to

draw this area are off the edge of the figure. The curve at the left-hand side of the figure is

the terminal velocity curve for raindrops; all raindrop impacts will lie on this line. The line

passes through the shaded region so we should expect raindrops within a certain range of

sizes to cause regular entrainment. The implications of this to the sound produced by

rainfall are discussed in the next chapter.

B. Simple hydrodynamics: no surface tension.

We now turn to the hydrodynamics of a drop impact to find if there is any simple

way in which we can make theoretical progress in understanding how Lhe entrainment

process works. We begin by investigating the depth of the cavity formed by the drop

impact. Figure 8 suggests that at impact energies which are too high for regular

entrainment, the cavity in the water surface is hemispherical, as sketched in Fig. 25. Note

that in this regime, surface tension is not very important.
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BEFORE AT MAXIMUM
IMPACT CAVITY DEPTH

Fig. 25. Sketch showing how drop impact produces a cavity at the water surface. The
cavity is shown at the point when its depth R is at its maximum value R = Rmax.

We can calculate what the maximum cavity depth Rmax should be by equating the kinetic

energy Ek of the drop to the gravitational potential energy Ep of the cavity. We assume that

the cavity has no kinetic energy when at its maximum depth because the water has stopped

flowing outwards and is about to start flowing in. Ek is given by
1 2 1 32Ek= -" = 1- vpd v (24)

where m is the drop's mass and v is its impact velocity; we shall drop the subscript I from

the impact velocity throught this chapter. Ep is given by Ep = Mgz where M is the mass

of the displaced hemisphere of water, z is the depth of its center of gravity and g is the

acceleration due to gravity. Since z is given by z =3 Rm , and M is given by

2 3M =j 1nPRm x we can show that:
1 4

p 4 maxPg (25)

Equating equations (24) and (25) gives
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1 3v2 4
3 = mgRax (26)

and hence

Rma, G g),g d(27)

If we plot Rmax against d3/4v 1/2 we should get a straight line of slope (1/ 3g) 1/4 .
0.02

-0

S.-J

0.01 0 0

0.00

0.00 0.01 0.02 0.03 0.04 0.05
(velocity/ (m/s)) 3/4(diameter / m) 1/2

Fig. 26. This graph shows how the maximum cavity depth varies with drop diameter and
impact velocity. The dashed line is the theoretical result described in the text while the
solid line is a best fit straight line to the data points. Their slopes are 0.44
(experimental) and 0.4293 (theoretical). The data were taken from high-speed movies, the
experimental error is about ±1 mm.

As Fig. 26 shows, the agreement with theory is remarkably good, even for small drop

energies and cavity depths, where surface tension distorts the cavity from its hemispherical

shape. Note that this is a simpler version of theory developed by Engel 42 for impacts of

much higher energy.

We now consider the time which the cavity takes to grow to its maximum depth.

As before, we will equate the kinetic energy of the impacting drop with the energy of the
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cavity. Now, however, the cavity has both potential and kinetic energy. We assume that

the water is moving radially away from the cavity in all directions from vertically

downwards to horizontal.

d

0 1velocity v dr

BEFORE
IMPACT DURING CAVITY

GROWTH

Fig. 27. Sketch showing hemispherical cavity as it grows.

We consider a hemispherical shell as shown in Fig. 27. The cavity is expanding at a rate

dR/dt = U(t) which is much less than the speed of sound, so we can assume that the water

is incompressible. This means that the velocity u(r,t) at a distance r from the cavity center

is given by u = U R2 / r2 . The kinetic energy dK of the shell is given by

1 2 ._2 R4U2 ,
dK =21r dr p(u(r)) =-

r (28)

and hence the total kinetic energy K(R) is
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K(R) = 7cpR = 7cpR 3U 2

(29)

The potential energy P of the cavity is found by replacing Rmax with R in Eq. (25); we can
then get an equation of motion for the cavity by setting Ek equal to K + P; the result is:

3 2 1 4 1 3 2RU + gR =1 --dv( 12 (30)

This equation may be reduced to a dimensionless form by letting X R / Rmax, where X

is a dimensionless cavity depth. Recalling that U = dR / dt, we get:
_.l' g _X

4Rm= (~x) (31)

We now introduce a dimensionless time T which is given by

t 3
3 2
dv (32)

which reduces the equation of motion to

(dX2(_X4) d'i" " 3 ] (33)

This equation is of the "variables separable" type and we can therefore write it as:
x

0 (34)

if we let T = 0 when X = 0. This has to be integrated numerically to find X as a function of

T, but we can find Tmax, the dimensionless time at maximum cavity depth by integrating

the left hand side from 0 to 1, that is up to the maximum depth. We make the substitution

X2 = sin 0, whi, h gives us:

0
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V)4

T,, J(- dX = f (sin e) dO

0 ,(35)

( B8(36)

where B is the beta function. We have used the standard integration formula:

1/sn0) gi dO= (2)g' 2 B ,

0 f 2' (37)

The numerical result is that Tmax - 0.67498. The time tmax for a particular cavity to reach

its maximum depth Rmax is obtained by substituting this value for Tmax into Eq. (32),

0 givng

t,.= 2 (0.6749 8) v!. = 0.28241 V~
3g5  (38)

Figure 29 shows experimental values of tmax plotted as a function of d3/Sv1/4

together with the above theoretical result.
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Fig. 28. Shows how the time tmax which a cavity takes to reach its maximum depth
varies with drop diameter and impact velocity. The theoretical result does not agree very
well with the experimental data for reasons discussed in the text.

It is evident from Fig. 28 that the theory is somehow flawed and that a given cavity will

reach its maximum depth in a much shorter time than predicted. This is also obvious from

Fig. 29, which shows a numerical solution of Eq. (34) and also some experimental curves

for X as a function of T.
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Fig. 29. Shows dimensionless cavity depth X as a function of dimensionless time T.
The line is a numerical solution to Eq. (33), while the various sets of points are
experimental data. The measured values of R and t were made dimensionless by using
equations (36) and (41) and the experimental values of d and v.

The main reason for the failure to predict Tmax or describe how X varies as a function of T

is that in real life, the flow is not anything like hemispherically symmetrical. This means

that the effective mass of water which is moving is- smaller and therefore easier to

accelerate. The end result is that the cavity can grow faster than predicted. Just after the

drop strikes, the cavity actually grows slower than predicted; this is probably connected

with the fact that the drop has a finite size and that we cannot expect the cavity to have an

infinite initial growth rate. Note that our prediction of Rmax was good because that

required only that the final cavity should be hemispherical and that the flow should stop at

that point; we did not require the flow pattern to be hemispherical. It is also important for
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the ideas in the next section that the values of Rmax were good even when the cavity was

small enough to be distorted considerably from a hemispherical shape.

C. Effect of surface tension

So far, we have ignored surface tension and have yet to explain how the bubble is

entrained. In one experiment a surfactant was added to the water in the tank and it was

noticed that this prevented regular entrainment from occurring; Fig. 30 shows frames from

a high speed movie of this process. It is therefore clear that surface tension has something

to do with the entrainment process.

Fig. 30 (over page). Frames from a high speed movie showing a drop of 3.8 mm
diameter impacting at 1.5 m/s. These parameters fall inside the regular entrainment
region so we should expect the drop to entrain a bubble. The reason it does not is that a
surfactant (Kodak Photoflo) has been added to the water, reducing the measured surface
tension from 72 mN/m ( = 72 dyn / cm) to about 30 mN/m. Note that the cavity is
much more rounded than the one in Fig. 8; it is the surface tension which causes the
sharp edge at the bottom of the cavity in frames i and j of that figure.
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It is also clear that surface tension is the force which distorts the cavity from the

hemispherical shape seen at large drop impact energies. Some films suggest that what is

happening is that a capillary wave is starting at the open end of the cavity and travelling

down to the bottom, where it increases in amplitude due to the focussing effect caused by

the narrowing of the cavity.

0a b

cd

ef

Fig. 31. This series of sketches shows how a surface tension wave is formed (b), begins
to move down the cavity (c-d), how the crests on either side of the cavity approach each
other (e) and meet, causing a bubble to pinch off (f). The arrow indicates the crest of the
wave. Part (a) shows a cavity with no surface wave. These sketches are not intended to
be accurate representations of the surface shape; they are all based on a hemispherical
cavity (as in (a)) whose size remains constant.
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The crest of the wave on one side of the cavity then meets the crest on the other side, thus

entraining a bubble. Figure 31 shows a schematic of this process; note that this bears a

slight similarity to the behavior of linear surface tension waves of finite amplitude 43.

The question of whether a bubble is entrained or not is determined by whether the

capillary wave reaches the bottom of the cavity at the right time, which must be some

fraction of tmax, or rather some range of fractions of tmax. For the sake of argument, let us

assume that the time t which the wave takes to travel a distance Rmax must be between 0.9

tmax and 1.1 tmax. The velocity va of a capillary wave of wavelength X is given by

v02 = 27ta / pX, where p is the liquid density and a is the surface tension, and hence 'r is

given by:

R= =Rp
v a2 ir (3 9 )

We now assume that X is some fraction a of Rmax i.e. X = CRmax, which gives us:

, (40)

we can now set this to be between 0.9 tmax and 1.1 tmax. Equation 38 does not give us a

very good answer for tmax so we shall half the answer in a rather arbitrary fashion; note

that in Fig. 28 the experimental values are often about half of the theoretical ones. We get

the following inequality for d and v to be inside the regular entrainment region:
3 2 3/8

(0.9) L (0.2 8 2 4 1) V/ 3T < Vl- '/d " < (1.1)K (0.28241)2 \3gJ 2i7-c 2 . (41)

If we let a = 0.5 and ust the standard values for p,cr and g we get the following two

equations for the boundaries of the regular entrainment region:
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V 1(5416.1 d3/2) (42)

and
SV 625.6 d3/). (43)

These equations are plotted in Fig. 32 with the data of Fig. 24 and it is obvious that the

functional relationship between v and d is not correctly predicted. This is hardly surprising

when one considers the approximations which we have had to make. On the other hand,

we have managed to predict approximately the correct numerical values of v over the range

of values of d in which we are interested.

5.

0

00

000

" 1

0*
0 1 2 3 4 5

Drop diameter / mm

Fig. 32. A comparison of the theory of equations 42 and 43 (solid lines) and the
data of Fig. 24.

This section has taught us two things: firstly, that surface tension waves travel at about the

right speed to account for the effects we observe and, secondly, that the above explanation
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is far from complete. Prosperetti has suggested (in a private communication) an alternative

explanation in which the bubble is trapped because the outward flow of water from the

cavity reverses and becomes an inward flow at the sides of the cavity before it does so at its

base. This explanation makes no mention of surface tension, which we know to be

important from the experiment described in Fig. 30, so it cannot be the whole story either.

It seems that this problem is too complicated for the kind of simple analysis I have

attempted and that in order to make further progress some computer flow simulation would

be necessary. Prosperetti's group at JHU is currently making progress in this direction and

some of their (as yet unpublished) results are included in appendix B.

So far in this chapter, we have applied simple theory to learn about the dynamics of

a drop impact cavity and to explain why a bubble is sometimes entrained. We shall now

proceed to look at a major application of the previous chapters: the underwater noise

produced by rain.



CHAPTER V: THE UNDERWATER SOUND OF RAIN

A. Experimental observations

There have been a few reports of the underwater noise of rain available since the

Second World War 44, but they were all of poor quality or covered only a small frequency

range. In 1985 two independent groups 22, 23 discovered that the spectrum of rain noise

showed a peak at about 14 kHz with a sharp cutoff on the low frequency side and a

shallower slope on the high frequency side. This result has since been duplicated by

severa groups 24, 37 and seems to be a universal property of rain noise.

90

70 1 1 C 3(t

13 •3 •b • 0o Bjrno et al.
* Scrimger et al.

>j Nystuen
50 Oo 9 Pumphrey

0 00o0 o 0 0 ir

30

10 ....... .......
1 10 100

Frequency / kHz
Fig. 33. Rain spectra from around the world. Nystuen's data is from Clinton lake, IL
and was taken in heavy rain. The others are all caused by light rain: Scrimger's is from
Cowichan lake on Vancouver Island, BC, Bjorno's is from a large tank in a parking lot at
the Technical University of Denmark. Lvngby, Denmark. The remaining data set was
recorded by the author in a container placed on the roof of the old Chemistry building at
the University of Mississippi. Scrimger's and Nystuen's data are in decibels referenced to
a level of I gr Pa2 / Hz; the other data sets have arbitrary reference levels.
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The 14 kHz peak is not just a feature of real rain, it is also easy to duplicate in the

laboratory, provided that one uses a spray of drops of small enough size and large enough

height of fall to resemble real rain. Figure 34 shows some examples.

0 A A

A20- o Bjomo et al.
> A * Spray #1A_ • AA A Spray#2

0 0

0'101 10 100

Frequency / kHz
Fig. 34. Artificial rain noise spectra. Note that all show the 14 kHz peak but that its
shape and its height above the rest of the spectrum vary a little. (Absolute height is not
meaningful as all decibel reference levels are arbitrary.) Spray #1 contained a range of drop
sizes from 0.7 to 1.5 mm in diameter, with a few drops as large as 1.8 mm; Bjerno's data
was produced with a spray similar to spray #1. Spray #2 was largely made of smaller
drops in the range 0.6 to 1.2 mm, falling onto a very small area.

The mechanism by which the 14 kHz peak is produced has been discussed by

Nystuen, who claims that it is caused entirely by the initial impacts of the drops. His

computer simulations suggest that the initial impact spike should have a width of about

60 Its and should therefore contain a large frequency component at 1 / 60 4s - 16 kHz.

This explanation seems rather unlikely because the experimental results of Chapter III

suggest that the spike is much narrower than 60 Its; the results described below show that

this suspicion is confiumed.

To investigate the source of the 14 kHz peak, we begin by examining oscilloscope

traces of the sound. Figure 35 shows a typical example; Fig. 36 shows an averaged FFT

of many such traces.
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Fig. 35. Oscilloscope trace showing sounds of artificial rain. Note that the trace consists
of a series of bubble-like oscillations.
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Fig. 36. Spectrum of artificial rain (spray #2). Note the 14 kHz peak and the
-9 dB /octave slope on the high frequency side. The three large spikes between 2 kHz
and 7 kHz are probably caused by large bubbles irregularly entrained by large drops; these
can produce very large spectral peaks, especially if their frequencies are close to one or
other of the tank resonances.

The FFT is a spectrum like those in Fig. 33, while the pressure trace is made up of

a series of damped sinewaves. These seem to be produced by bubbles as they have the

correct damping constants, in fact the sounds from a spray like this were used to obtain

some of the damping data in Fig. 18.
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Further proof that bubbles are the cause of the peak is provided by the sensitivity of

the 14 kHz peak to surface contamination; Fig. 37 shows how the spectrum varies with

concentration of a detergent.

-30

A £

M-40 A

> Ae • o 47dyn/cm

S-50 0 64 dyn / cm
00 o 0 o o oA 72 dyn /cm

000 0

* -60-

-70.................
1 10 100

Frequency / kHz
Fig. 37. Dependence on surfactant concentration of the 14 kHz peak. The surfactant used
was Kodak Photoflo, which was added in various concentrations, lowering the measured
surface tension from the clean-water value of 72 dyn / cm.

It is plain that the surfactant prevents the peak from being produced and it seems

likely that it does so by preventing regular entrainment from occurring. We already know

from Fig. 30 that a surfactant can have exactly this effect; we also know that it has little

effect on the initial impact. It is therefore probable that the peak is caused by regular

entrainment of bubbles; we must check to see if raindrops have suitable sizes and

velocities.
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Fig. 38. Part (a) is the same as Fig. 24 and shows the range of drop diameters and
velocities for which regular entrainment occurs. The curve at the left hand side is the
terminal velocity curve for raindrops; it lies within the regular entrainment region for drop
diameters between 0.8 and 1.1 mm. The two vertical dotted lines are drawn at these
values of the drop diameter.
Part (b) shows drop size distributions for three rain showers 24. The units on the ordinate
are: namber of drops in a 0.1 mm size range striking an area of 50 cm2 in a time of 90 s.
Note that all three showers have a large number of drops between the lines and hence in
the regular entrainment region.
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Figure 38 shows that some typical rain showers have many drops of the correct

sizes to cause regular entrainment. The next question is what sizes of bubbles are entrained

and how many of each size.

We begin with a brief qualitative description of the sizes of the entrained bubbles at

the different points of the shaded region of Fig. 38. For impacts which are well inside the

regular entrainment region, smaller drops give rise to smaller bubbles, although the

decrease is less than proportional. For example, with a drop diameter of 4.3 mm and an

impact velocity of 1.2 m/s, the entrained bubble has a radius of about 0.5 mm and a

resonance frequency of about 6.5 kHz while a drop diameter of 2.25 mm and an impact

velocity of 2.2 m/s produce a bubble of around 0.38 mm in radius with a resonance

frequency of about 8.5 kHz. For a fixed drop size, as the impact velocity is increased so as

to traverse the shaded region in the vertical direction, the bubble starts at a relatively small

size, rapidly gets bigger, and decreases in size again near the upper boundary. This

variation of the entrained bubble radius with impact velocity can be large, but is very rapid

near the boundaries of the shaded region. Therefore, most of the bubbles produced by

drops of a give.. diameter impacting at different velocities have more or less the same size.

This behavior is complicated and difficult to measure, so it was not possible to

infer from it how many bubbles of a given size would be entrained by a spray of drops.

Instead, this was measured by a computer which read data from the digital oscilloscope; it

examined the sequence of damped sinuosoids (like in Fig. 35) and counted how many there

were in each frequency band. Figure 39 shows typical results for artificial and real rain; in

both cases we see that the number of bubbles entrained as a function of resonance

frequency, f, is given by n(f)= N/ fa, where c is approximately equal to 3.
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Furthermore, both distributions show a peak between 11 and 15 kHz with a steep slope on

the low frequency side. This is presumably because there is an upper limit on the size of

bubbles which can be entrained by drops of a particular size; we know that only drops in

the size range 0.8 - 1.1 mm are entraining bubbles here.

1000

100 0

0
0 0 o Real rain

10 0 e Spray #2

Z 1

S.1

10 Frequency / kHz 100

Fig. 39. This graph shows how the number of bubbles entrained in a certain time varies
as a function of their resonance frequency. The two data sets are superimposed because
the computer was programmed to take data until the total number of bubbles reached a
pre-set value. Although this graph gives the form of n(f), it does not tell us the absolute
value as a function of rain rate.

B. Theoretical prediction of rain spectrum

We now use this result to predict the spectrum intensity level of rainfall. If rainfall

noise is bubble-related, it will be caused by a distribution of many bubbles over the ocean

surface. It was mentioned in the introduction that the acoustic pressure of a near-surface

bubble is given by:
p = D 3 e(t-r/c)os ei((ot-kr)

r (oe4)

The instantaneous intensity due to one bubble is given by
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p2 _ D2 -25(t-r/c) -- 20C s2(~ -rI(r,0,t) - p  ~ 2 (rc cos 2e co 2(tkr)

pc pcr 2  
(45)

We now integrate this over time from the moment that the bubble begins to oscillate to find

E, the total energy flowing out through unit area:
2

E=D D  2 OC O S 20  t e- 2 cx dt
pe2  e" o W -

, .(46)

where we have made the substitution - t - r/c. This integration can be done by

standard analytical techniques; the result is:

E D2 CS29E =DcosO 1~ +

2pcr 2  2( (47)

For bubbles, where Q>6, it turns out that the second term is less than 0.6% of the first and

may be ignored, leaving the result:

E=D cos 0

413pcr 2  (48)

The spectrum level is defined to be the intensity due to sound in a 1 Hz bandwidth. To

calculate this, we will assume that n(f) bubbles per second with resonance frequencies in

that 1Hz bandwidth are entrained and begin to oscillate over a unit area of the water

surface. The intensity dIT at a hydrophone, which is caused by bubbles entrained over an

infinitesimal area dA is given by
nfD2 OS20

dIT= n(f) E dA- n(f)D dA
4opcr 2  (49)

We find the total intensity IT at the hydrophone by irtegrating dIT over the whole surface.
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The setup is shown in Fig. 40, our infinitesimal area dA is a circular ring of radius R on the

water surface; dA = 2xRdR.

40

h r I2+ h2

Fig. 40. Sketch to show how integration is done to find intensity at the hydrophone due

to bubbles oscillating over the whole ocean surface.

Substituting for cos 0 leads to the integral

~__ 2irR dR413pc f.(R 2+h 22
50

, (50)

which gives us

T 7 n(f) D
2

4p3pc (51)

The intensity spectrum level (ISL) is defined as
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IT
ISL = 10 logo 1/l z (52)

where Iref is a reference intensity, we shall take Iref to be an intensity such that the acoustic

pressure is 1 gPa. Inserting IT from Eq. (51) gives the final result:D2/1

ISL =10 log 2

ljiPa2/Hz (53)

C. Comparison with experiment

In order to calculate ISL we need three pieces of information. We cannot obtain all

of these theoretically, but we have measured all of them and will use the measured values.

The spectra thus obtained are not truly theoretical, but are simply the result of taking the

process to pieces, measuring each of the contributing parts, and using Eq. (53) to put them

back together. The three things we need are:

1). The initial dipole strength of a bubble as a function of frequency. We obtain

this from a fit to the data of Fig. 23; a fit of the form D = A + B log (f) was used.

2). The damping constant 13 as a function of frequency. We use the best fit to the

data from spray #2 shown in Fig. 18; this agrees closely with theory and is easier to

calculate.

3). The number of bubbles, n(f), entrained per second in a 1 Hz frequency band

over a unit srea of the surface. The form of n(f) is shown in Fig. 39, but the actual value is

different for every rain shower. We therefore need simultaneous measurements of n(f) and

spectrum level. These can be obtained from the data of Scrimger et al. 24, who give drop

size distributions in units of "number of drops in a 0.1 mm size range striking an area of 50

cm 2 in a time of 90 s" (The 50 cm2 is the area of their disdrometer, 90 seconds is the time

over which they averaged the data, this was actually presented in three 30 s lots which I
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added together). We select from this data the number of drops with diameters between 0.8

and 1.2 mm and divide this figure by 90 s and by 0.005 m2 to give nT, the total number of

drops in the active size range impacting unit area in one second and hence also the total

number of bubbles entrained over the same area per second. Note that we are forced to use

the range 0.8-1.2 rather than 0.8-1.1 because of the way Scrimger's data was taken and

presented. Now, nT is the integral of n(f) over all frequencies, and if we assume, on the

basis of Fig. 39, that no bubbles have resonance frequencies below a cutoff frequency fp

and that above fp, n(f) is given by n(f) = N / f3 , we can write

* fT=ffl(Odf d=

2f2 (54)

and hence

n(f) = 2nTfp

f (55)

This result was substituted into Eq. (53) to give

ISL =10 log n 2 /

lp.Pa 2 /Hz (56)

which is plotted in Fig. 42 for two values of nT. Scrimger et al. present spectra taken at the

same time as the drop size distributions; these are plotted for comparison.
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Fig. 41. This graph shows spectra a and b from Scrimger et al. 24 and the theoretical
predictions, given their drop size distributions, of Eq. (56). The dB reference level is
1 j±Pa 2 / Hz.

It is clear that the theory predicts the shape of the spectrum well and also the amount

by which it gets louder as nT increases. The big problem is that the predictions are all about

7 dB too low; this is probably due to reverberations in the lake. There is some evidence for

this explanation to be found in the wind noise curves which Scrimger et al. present for the

same location as their rain noise spectra. They compare these with the Knudsen 3 curves

and find a good agreement, hence we conclude that the acoustic environment in the lake is

similar to that in the parts of the sea where Knudsen's measurements were made. Now,

Knudsen's data were all taken in shallow seas and if they are compared with data from

deep oceans it is found that, in general, ambient noise in shallow water is about 5 dB

louder than that in deep water. The calculation of rain noise spectra which we have made

in this paper assumes that the water is infinitely deep; we might make a crude attempt to

adapt it to shallow water by adding 5 dB to the result. This would bring the calculated

results to within 2 dB of Scrimger's naturally measured ones. A more accurate calculation
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requires detailed knowledge of the acoustic properties of the lake, particularly the reflection

coefficient of the lake bottom. In addition, recent work 45, 46 reports that differences in

acoustic properties of the site can cause the ambient noise in comparable weather conditions

to vary by as much as 10 dB. There are other possible sources of the discrepancy; some of

it is probably due to inaccuracy in the measurement of D, shown in Fig. 22, but this could

not account for all 7 dB. We also know nothing about the accuracy of Scrimger's values of

nT.

Spectra a and b were taken in calm conditions; Fig. 42 shows a similar comparison

for spectra c and d which were taken with a wind blowing, note that the peaks are more

rounded. Note also that for spectrum d the prediction is about 7 dB too low, except near

the peak. Spectrum c was taken in heavier rain and wind; it does not have the same slope

as the other spectra, nor does it show the same 7 dB discrepancy with the theory. This is

in agreement with other measurements 25, 47 which show quite clearly that the 14 kHz peak

is sensitive to wind speed and may be reduced by 5 dB by a wind of 5 m/s.
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Fig. 42. This graph shows spectra c, d and e from Scrimger et al. 24 and the theoretical
predictions for c and d, given their drop size distributions, of Eq. (56). The dB reference
level is 1 gPa2 / Hz.

Why does wind have these effects? Wind does two things, it blows the drops

sideways and it creates waves on the surface; the end result being that the drops do not

strike the surface at right angles. It is difficult to study this effect systematically in the

laboratory, but high speed movies of the process seem to suggest that oblique incidence

will partly eliminate the regular entrainment process. If this is so, it would explain the fact

that wind reduces the 14 kHz peak.

So far, we have shown thct the 14 kHz peak is caused by regular entrainment of

bubbles by drops in a certain range of sizes. Rain produces quite a large amount of sound

at lower frequencies which is presumably caused by some other mechanism. Published

data seems to indicate that this sound is correlated with the presence of large raindrops

while the peak is correlated with drops in the 0.8-1.1 mm size range. A typical example is

provided by Scrimger's spectra c, d and e shown in Fig. 42 and the corresponding drop

size distributions shown in Fig. 38b. At a frequency of 15 kHz, d and e have the same
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spectral level, whereas at 5 kHz d is much louder. This suggests that they should have

similar numbers of drops in the 0.8-1.1 mm range of sizes and that d should have more

large drops. Figure 38b shows that this is indeed the case. Shower c has more drops than

d or e for all drop diameters above 0.6 mm and its spectrum is therefore louder than d or e

at all frequencies. Shower e has the most drops with diameters less than 0.6 mm and yet

has the quietest spectrum. It therefore seems likely that these very small drops have little

effect on the sound produced. The larger drops could produce sound by two mechanisms:

the initial impact sound and irregular (Franz) entrainment of bubbles; it seems likely that

both contribute to some extent and possibly in different ways. Irregularly entrained

bubbles are usually quite large and would contribute most at frequencies below the peak, as

described above. The initial impacts are very narrow spikes and therefore will give a very

broad spectrum, almost like white noise, which would tend to swamp out the peak.

We have succeeded in describing in a fair amount of detail how rain makes the

sound that it makes, but this sound is very unlike the Knudsen spectrum which we would

like to explain. It was clear that some further experiments were necessary; these are

described in the next chapter.



CHAPTER VI: SOUNDS FROM OTHER PROCESSES

A. Experimental results

1. Breaking Waves

So far, we have studied the sound made by drop impacts and have used the results

to explain the sound made by rainfall on the ocean. We now turn to the Knudsen

spectrum, i.e. the sound made by wind and waves at the ocean surface. To a certain

extent, this must be due to drop impacts because a strong wind can lift spray from the crest

of a breaking wave; the spray can then fall onto the surface. It is clear, however, that this

is not the only mechanism which takes place because the Knudsen spectrum persists at

wind speeds which are too low to cause spray. As mentioned in the introduction, breaking

waves are the most likely candidates, so it seemed logical to try to make one in the

laboratory. Real breaking waves are travelling waves, which makes them difficult to

duplicate, so a standing wave was used, i.e. the water was allowed to flow, while the wave

stayed still. The wave was in a small plexiglass trough 37 mm wide and 0.4 m long and

was caused by water passing over an obstruction in the trough. The whole wave channel

was placed in the large water tank in order to provide a large body of water in which to

detect the sound. Figure 43 shows a typical pressure trace; it is made up of many bubble-

like oscillations.
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Fig. 43. Typical sound traces produced by an imitation laboratory breaking wave.

In order to confirm that the sound of the breaking wave is in fact due to bubbles, a high-

speed movie was made of it; Fig. shows two sequences of bubbles being entrained,

taken from this film. It can be seen that the sound is produced at the moment when a

bubble is formed, just as iii drop impacts. Once this has happened, the bubble is silent

thereafter, as found by Banner and Cato 48. The wave is certainly a good model of the

processes which make the sound of a babbling brook or creek; the result that the sound is

due to bubbles agrees with the work of Leighton and Walton 39 and the observations of

Bragg 49. If this wave were a good model of real ocean surface processes, we could

conclude that the Knudsen spectrum was mainly due to free oscillations of newly entrained

bubbles. To see whether this was a good assumption, an averaged spectrum of the wave

sound was taken for comparison with the Knudsen spectrum; it is shown in Fig. 45.
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Fig. 44 (over page). Frames from a high speed movie of a laboratory breaking wave. A
shallow stream of water is flowing from right to left over a horizontal cylindrical obstacle
into deeper water. Frames a to e are a consecutive series at intervals of 1 ms, as are
frames f to j. In both cases the trace is a straight line until a bubble is formed, at which
point oscillations begin to occur. Unfortunately, the trace on the original film was rather
faint and it was necessary to touch it up to ensure good reproduction; in frame g it was
completely invisible so even this was not possible. Frequencies of bubbles from this
film are plotted as a function of their diameters in Fig. 16.
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Fig. 45. Spectrum from a lab. breaking wave.

The result is not really conclusive, at higher frequencies it seems to have too great a slope,

while at low frequencies the spectrum is confused by resonances of the tank.

One large difference between this wave and a real one is that in this wave the

bubbles are formed, radiate, and are then carried away rather rapidly; in a real wave it

seems likely that they might remain in the active part of the wave for a longer time and

perhaps be made to oscillate again.

2. Interaction of bubbles and turbulence.

In ordtr to study ways in which an already entrained bubble might produce sound,

some experiments were done in which bubbles were allowed to rise from a hypodermic
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needle into a submerged jet of water. If the water was flowing fast enough, the bubbles

broke up as they entered the jet and radiated a lot of noise in the process; Fig. 46 shows a

pressure trace of this process.

I I I I i I I I i i i I Ii I i i I I I I i

10 Pa:
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Bubbles Bubbles
leave encounter
needle turbulence

0 0.1 0.2 0.3 0.4 0.5

Time/ s

Fig. 46. Sounds of bubbles leaving a hypodermic needle, floating up for a while, then
encountering a turbulent jet.

Fig. 47 shows frames from a high-speed movie of this process. Note that the bubbles

produce a typical damped sinewave as they leave the needle, and that the sound that they

make upon breaking up has many higher frequency components.
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Fig. 47 (over page). High speed pictures of bubbles being formed at a nozzle and broken up by a
submerged jet of water. Frames a to g show the bubbles being formed; in frame a one bubble is detached
and floating upwards while the other is still attached to the needle. In frame b, a small fragment breaks off
the upper bubble; the fragment was too small to reproduce onto the figure and could only just be seen on
the original film. The oscilloscope trace shows an oscillation of about 25 kHz from which we calculate the
diameter of the fragment to be 0.3 mm. This process is not common, but we might expect it to occur
occasionally in nature when large bubbles are formed in non spherical shapes. In frames c through g, the
lower bubble detaches itself from the needle; it seems to do this in two stages as an oscillation begins in
frame c while a new and louder one of a similar frequency begins in frame f. In frames d and e one can see
what looks like a small bubble emerging from the nozzle below the main one; this appears to join on to
the main bubble before frame f. The measured diameter of the lower bubble is 2.0-+.2 mm and the measured
oscillation frequency is 2.0-+.1 kHz; Minnaert's equation gives a frequency of 3.2±.2 kHz. (The bad
agreement is probably systematic error in measuring the bubble size; there was no object of known size at
the same distance from the lens as the bubble so the scale on the tank wall was used. The bubble is further
away than this and therefore appears smaller than it really is.)

Frames h-n show the bubbles encountering the turbulent jet, which is flowing horizontally from
left to right. In frame h, the upper bubble is feeling the influence of the jet but is not emitting any sound
yet. In frame h, it begins to emit a sound which is composed of two sinusoidal oscillations, one of 2 kHz
and one of 12 kHz; presumably a small bubble has been broken off the original one and both fragments are
oscillating at their resonance frequencies. The small bubble can not be seen, presumably it is behind the
large one. This process is repeated somewhat more clearly in frames j to n. In frames j and k the jet pulls
a thin filament of air from the second bubble from the left, in frame I this has snapped off to form a small
fragment. The fragment is just visible on the original film, but has not reproduced well onto the figure.
As in frame j we see oscillations at two frequencies, one from the small fragment and one from the large;
the frequencies are approximately 2.5 kHz and 12 kHz.
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This is also clear from the spectra of Fig. 48, note that when breaking up, the

bubbles can emit any frequency which is higher than their original resonance frequency,

but that they produce little sound below this frequency.

10dBI

2 3 4 5 6

Frequency / kHz
Fig. 48. Spectra of bubbles leaving a needle (below) and breaking up in turbulence
(above). The spectra had about the same peak level and have been separated vertically for
clarity. The large number of sharp spikes between 2 and 6 kHz are resonance frequencies
of the tank.

What presumably is happening here is that the bubbles are breaking into fragments each of

which must be smaller than the original bubble and must therefore oscillate at a higher

resonance frequency. In Fig. 49 the bubble breaking spectrum of Fig. 48 is shown over a

larger frequency range; it has a slope of about 10 dB per octave.
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Fig. 49. Spectrum of bubbles being broken up by turbulence.

Another question is: is it necessary for the bubbles to be broken up for them to be

excited by the turbulent jet? In order to find out, the jet was slowed down so that it was just

too slow to cause breakup. The result, shown in Fig. 50, is that the bubbles emit a small

amount of sound at their resonance frequency, this sound is about 20 dB quieter than the

sounds they make upon leaving the needle or breaking up.
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Fig. 50. Spectra of bubbles leaving needle (above) and passing through turbulence but
NOT breaking up (below). The 20 dB difference between the two spectra is real.

The conclusion we draw from this is that in an environment where the turbulence is

sufficiently violent to excite the bubbles noticeably, it is also violent enough to break them

up; a process which produces far more sound than the direct excitations.

B. Discussion

What can we infer from these results? The most obvious thing is that more work

needs to be done; this will be discussed further in the final chapter. The above results

enable us to draw some conclusions, however, the most important being that a large part of

the Knudsen spectrum is produced by bubble oscillations and that the important

mechanisms for exciting the bubbles are their entrainment and breakup, with entrainment
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being the most important, especially at low wind speeds and sea states. This hypothesis is

at variance with many others, so we now proceed to look in detail at the various hypotheses

and how well they agree with the data.

Ffowcs Williams and Guo 15,16 have argued that bubbles are not important and that

splashing of sprays is the dominant mechanism; this theory seems rather unlikely for two

reasons. Firstly, as has already been pointed out, their reason for dismissing bubbles is

not valid, reflections from the free surface do reduce the radiated sound but do not eliminate

it completely. Secondly, the Knudsen spectrum persists at sea states as low as force 1 on

the Beaufort scale (wind speed approximately 1.5 m/s), while spray is not produced in

large amounts by winds of force 5 ( 8-10 m/s) or below. We shall therefore assume that

bubbles are important and look at various excitation mechanisms.

The first thing we note about most writings on this subject is that most theories tend

to note a difference between high and low wind speeds, low meaning force 0-3 on the

Beaufort scale i.e. a wind speed below about 5-6 m/s. This is approximately the speed

above which extensive whitecapping occurs 50. Shang and Anderson 13 propose two

mechanisms for sound production at low wind speeds: bubbles cavitating and bubbles

popping at the surface. The latter idea is a tentative suggestion and is not borne out by

experiment. The popping process is very quiet and most of the sound is emitted into the

air;, the part going into the water is so faint that it is almost impossible to detect. Cavitation

has frequently been suggested as an ambient noise source, but there is no experimental

evidence for it, and Prosperetti and Lu 17 have shown theoretically that it cannot occur in

the ocean because the turbulent pressure variations are not large enough.

For high wind speeds, high enough to cause whitecaps, Kerman 10 has developed a

model which is based on what he calls weak cavitation; that is, bubble ,scillations which
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are large enough to be non-linear. He assumes these motions to be forced by the violent

turbulence present in a whitecap. This mechanism is again at variance with Prosperetti's

insistence that cavitation is impossible in an ocean environment and also with the

experimental results described above. These suggest that if the turbulence was violent

enough to force the radial oscillations of the bubbles to any noticable extent, it would be

accompanied by shear forces strong enough to break the bubbles up. Prosperetti 18 himself

has put forward an alternative theory which at high frequencies is based on free oscillations

of newly-entrained bubbles, as observed in the breaking wave experiment described above.

He is reluctant to extend this mechanism to the low-frequency end of the Knudsen region

as the buhbles involved would be extremely large, proposing instead that what we are

seeing here are collective oscillations, i.e. the coupled oscillations of a group of bubbles.

This is plausible at higher wind speeds, when many bubbles are entrained very close to

each other to form whitecaps. At low wind speeds, where whitecaps do not form, we must

assume that the bubbles are entrained by waves which break very slightly, but not enough

to form a whitecap. This process has been observed by Rohr et al. 51 and named

microbreaking; their description of it suggests it to be a similar process to that observed in

Fig. 45. The only problem is that the Knudsen spectrum tends to peak at 500 Hz and is

probably significant down to 200 Hz. This would require many bubbles of 1.2 cm

diameter and a few as large as 3.2 cm; we have to ask if this is impossibly large, if

microbreaking entrains bubbles close enough together to make collective oscillations

significant and if proximity to the surface will lower the frequency by very much. If the

bubble center is less than a diameter away, the resonance frequency may be lowered by

15% or more, but this is not much and will be partly offset by the effects of non-sphericity.

We are left with the two options of large bubbles or collective oscillations. The largest
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bubbles seen in the film of Fig. 44 have diameters of 0.5 - 0.6 cm and therefore have

resonance frequencies of 1.1 to 1.3 kHz; Monahan and Zeitlow 52 have observed similar

though rather larger bubbles in a laboratory breaking wave. If free oscillations are the main

source of the Knudsen spectrum we must assume that bubbles of twice this size and larger

are entrained frequently in the sea. This may sound unlikely, but remember that the bubble

only has to survive for 10 or 20 ms before breaking up and that even in calm conditions sea

waves are larger than our lab wave. Experiments carried out in a swimming pool suggest

that this last point is rather important and that waves which are not constrained to be 3 cm

wide will entrain bubbles of several centimeters diameter.

It therefore seems most likely that the mechanism is the oscillation of entrained air

bubbles as described in the above experiments. The low frequencies, around the peak of

the Knudsen spectrum, are accounted for either by large bubbles being entrained, or by the

lowering of resonance frequencies by the proximity of other bubbles, i.e. collective

oscillations. The large bubble explanation seems to be the most likely of the two,

especially at low wind speeds when few bubbles are entrained. The bubbles are mainly

excited by their initial entrainment, especially at low sea states. but also by being broken up

in high-shear turbulent flows such as occur in a whitecap. Direct forcing of the bubbles by

turbulent oscillations probably also occurs, but is less important.



CHAPTER VII: CONCLUSIONS AND IDEAS FOR FUTURE WORK

This study has produced several interesting results and answered several questions,

but it has also raised a number of new problems. The simple bubble dynamics described in

chapter I have been largely confirmed: a near-surface bubble has the frequency and

damping constant predicted by theory and it radiates as a dipole, much as we would expect.

This in itself should prove useful to future workers in the field. The ir: -Ial impact sound

produced by a drop has proved less easy to understand; the present work does little other

than to show that Franz's and Nystuen's theories are not adequate descriptions. It has,

however been shown that the initial impact is not the cause of the now famous 14 kHz peak

in the rain noise spectrum and that this feature is caused by bubble sounds. This has been

studied in exhaustive detail and we may be sure that the conclusion is correct.

We have had less success in explaining the Knudsen spectrum, but several results

point the way to a theory based on free oscillations of newly entrained or newly broken

bubbles similar to that described by Prosperetti 18 or by Hollet and Heitmeyer 19. The

experiments tend to disagree with other theories, such as cavitation, spray impact or forced

bubble oscillations. It is evident that there is more work to be done; we now proceed to

discuss ideas for the future.

The drop impact process is now so well understood that there is little laboratory

work to do on it. The only important thing which has not been studied is the effect of

impact angle; the reason being that gravity is irritatingly effective at keeping water surfaces

horizontal and making drops fall vertically. It would be nice to know how the regular

entrainment region of Figs. 24 and 38 varied with impact angle and there are several

possible ways of achieving this, such as blowing the drop sideways with a fan or making

waves on the water. The difficulty is always that it becomes very difficult to measure the
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impact velocity. High speed movies suggest that oblique incidence tends to prevent regular

entrainment from occurring, which would explain Scrimger's observation that the 14 kHz

peak is much reduced by wind; to go beyond this would probably take more time and effort

than it was worth. Scrimgers real-rain data are fairly exhaustive; any further fieldwork

would have to be done very carefully indeed to be worthwhile. In addition to measuring

spectra, wind speed and drop size distributions, an experiment should have a hydrophone

very close to the surface to study individual bubble traces and to measure D(f) and n(f) as

described in chapters 4 and 6. It would also be necessary to make careful measurements of

the amount of reverberation in the lake, so that theoretical predictions could be compared

directly with experimental spectra. The data would have to be processed to look for

correlations between the 14 kHz peak and drops in the 0.8-1.1 mm size range, and also for

correlations between low frequency sounds and large drops; these would both be useful

evidence for the bubble theory.

Much more work remains to be done on the Knudsen spectrum. The first priority

is to set up a breaking wave in the laboratory which produces a better imitation of the sound

of the real ocean than Fig. 45. It would then probably be possible to measure the average

initial dipole strength D(f) and the number of bubbles n(f) as functions of frequency, just as

was done for rain noise. The spectrum could then be calculated from Eq. (53) and

compared with experiment. There are several reasons why this may be difficult to do, the

most obvious being the size of tank required to work at the low frequencies required. If we

need a depth of 0.75 m to work at 10 kHz, we need a depth of 15 m to work at 500 Hz; the

depths are chosen to allow a bubble to oscillate 10 times before the reflected sound comes

back from the bottom of the tank. The only alternative to a very deep tank is one which is

anechoic; this is hard to achieve at low frequencies. A possible alternative is to do the
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experiment at sea or in a lake; like the rain experiment suggested above one would use a

hydrophone at a large depth to obtain averaged spectra and one near the surface to measure

D(f) and n(f). The only disadvantage of this approach would be the reliance one would

have to place on the weather.

To sum up, we have learned a great deal, but much remains to be done. I can only

hope that the results described in this work will prove useful and interesting to both present

and future workers in this field.
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APPENDIX A: THE VELOCITY OF A FALLING DROP

As a drop falls through the air, there are two forces on it: its weight and a drag

force D which is a function of the velocity v. Applying Newton's 2nd law, we find that the

drop's motion is governed by the equation:
d2 z
d---= mg - D(v)
dt (IA)

in which m is the drop mass, z is the distance through which it has fallen and g is the

acceleration due to gravity. We make the substitution dz/dt = v to getdv
mv a= mg - D(v), (2A)

so that we can calculate v as a function of z. We begin by making the simplifying

assumption that D(v) = ccv 2 from which we can find the terminal velocity VT by setting the

acceleration to zero, obtaining:

VT1a (3A)

Substituting for D(v) in (2A) gives
dv 2

v mg - av (4A)

but it turns out more convenient to substitute for a because the mass then cancels, leaving

dv V'-g 1 2
VT . (5A)

This is a differential equation of the "variables separable" type; separating the variables

leads to:

( vdv =f z gdz
f 1-_V2/ vj (6A)

Integrating both sides gives
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* 2"VT ln (I1 . v2/v = gz

2 (7A)

which can be solved for v, giving

• V = VT l -exp -2gz/ vTJ (8A)

which is the same as Eq. (9). In order to calculate v for a particular drop, we need to know

VT as a function of the drop diameter d. This could come from Eq. (3A) if we knew a,

0 which we don't. Equation (3A) can be written as
1 2 2

mg =Ird P ACdT (9A)

where PA is the density of air and Cd is the drag coefficient of a drop. Note that this means

that our assumption is equivalent to assuming a constant drag coefficient, but this does not

help us much if we don't know how big Cd is. Since most experimental measurements

have measured VT directly, the simplest approach seems to be to obtain v(z) by using

experimental values of vT(d) in Eq. (8A) and this is what was done. The data used was

that of Gunn and Kinzer 53, which agrees well with other measurements; VT values were

actually found from a polynomial fit to this data 54. Some examples are shown in Fig. 1A

together with some experimental data.
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Fig. IA. Shows plots of velocity v as a function of height of fall z for various values of
drop diameter d. The data are those of Laws and are not very accurate: their terminal
velocities differ slightly from Gunn and Kinzer's, especially at large values of d. They
are, however, the only data available for v as a function of z, and the form of the approach
to terminal velocity agrees very well with the theoretical curves.



APPENDIX B: COMPUTER SIMULATION OF DROP IMPACTS

There have been attempts in the past 23, 26, 55 to simulate drop impacts by using a

computer to solve the equations of fluid mechanics with the relevant initial conditions, i.e. a

liquid half-space with a sphere of liquid moving at some velocity in contact with it. These

simulations had many features in common with real drop impacts but never showed

bubbles being entrained, probably because the formulations used did not include the effects

of surface tension. Recently, however, Prosperetti and Oguz have done some calculations

for drop impacts within the regular entrainment region of Fig. 24 and have been able to

show that regular entrainment does occur, this work had not been published when this

dissertation was written. A typical set of their results are shown in Fig. lB.

Fig. 1B (over page). lhis figure shows a numerical simulation of the behaviour of the
water surface during the regular entrainment process. Each individual picture represents
the shape of the surface at some time t which is shown (in arbitrary units) at the top of
the picture. The pictures stop at the point when a bubble is created because the computer
code cannot cope with multiple free surfaces.
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